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Secretins, the outer membrane components of
several secretion systems in Gram-negative bacte-
ria, assemble into channels that allow exoproteins
to traverse the membrane. The membrane-inserted,
multimeric regions of PscC, the Pseudomonas
aeruginosa type III secretion system secretin, and
PulD, the Klebsiella oxytoca type II secretion system
secretin, were purified after cell-free synthesis and
their structures analyzed by single particle cryoelec-
tron microscopy. Both homomultimeric, barrel-like
structures display a ‘‘cup and saucer’’ architecture.
The ‘‘saucer’’ region of both secretins is composed
of two distinct rings, with that of PulD being less
segmented than that of PscC. Both secretins have
a central chamber that is occluded by a plug linked
to the chamber walls through hairpin-like structures.
Comparisons with published structures from other
bacterial systems reveal that secretins have regions
of local structural flexibility, probably reflecting their
evolved functions in protein secretion and needle
assembly.
INTRODUCTION
Gram-negative bacteria assemble complex trans-envelope
organelles, such as secretion systems, to transport toxins and
enzymes to the outside of the cell. The type II secretion system
(T2SS) consists of a dynamic assembly of 12–15 proteins that
secrete, for example, multipartite holotoxins and hydrolases
such as pullulanase, through the outer membrane in their
folded state (Campos et al., 2013; Nivaskumar and Francetic,
2014). The type III secretion system (T3SS) has a membrane-
embedded base and a hollow needle formed by a single poly-
merized protein through which effectors that manipulate host
functions are translocated directly into the cytoplasm of target
cells (Cornelis, 2010; Tosi et al., 2013).1348 Structure 22, 1348–1355, September 2, 2014 ª2014 Elsevier LtThe outer membrane component of both T2SS and T3SS is
the secretin, a protein that forms a homomultimeric ring-like
channel for needle assembly and toxin and hydrolase secretion
(Bayan et al., 2006; Buddelmeijer et al., 2009; Koo et al., 2013;
Korotkov et al., 2011a, 2011b; Ross and Plano, 2011). Secretins
are also present in other complex translocation machineries,
such as the filamentous bacteriophage secretion system, where
they allow the extrusion of mature bacteriophage across the
outer membrane (Linderoth et al., 1997), and the type IV piliation
system (T4PS), in which they act as the extrusion portal and
anchor the pilus in the outer membrane (Aroeti et al., 2012;
Cehovin et al., 2013; Conrad, 2012).
Secretins form a large protein superfamily with multidomain
structures. The conserved C-terminal portion is membrane-
inserted, while the less conserved N-terminal, periplasmic region
displays two to four small variable domains (N-subdomains, from
N0 to N3; Figure S1 available online). N1 to N3 share structural
similarities with each other and are characterized by an a-b
fold interconnected by short loops (Bergeron et al., 2013; Korot-
kov et al., 2009; Spreter et al., 2009; Van derMeeren et al., 2013).
Several secretins require the interaction, through their C-terminal
S-domain, with small lipoproteins, often called ‘‘pilotins,’’ for
their stability and insertion into the outer membrane (Dunstan
et al., 2013; Gu et al., 2012; Okon et al., 2008; Tosi et al., 2011;
Trindade et al., 2008).
Electron microscopy studies (including cryoeclectron micro-
scopy [cryo-EM] and single particle reconstructions) of isolated
secretins, at up to 12 A˚ resolution, have revealed that the
homomultimeric channel is formed by the C-terminal domain,
with system-dependent symmetries (Burghout et al., 2004;
Collins et al., 2003; Linderoth et al., 1997). The trypsin-resistant
C-terminal core of the prototypical T2SS secretin, PulD from
Klebsiella oxytoca, displays 12-fold symmetry, as do GspD
(Vibrio cholerae T2SS) and PilQ (Neisseria meningitidis T4PS)
(Berry et al., 2012; Chami et al., 2005; Reichow et al., 2010).
Structural information relative to T3SS secretins, inferred from
single-particle cryo-EM analyses of whole needle complex
(NC) assemblies, indicate differences in symmetry. InvG from
Salmonella typhimurium, for example, is composed of 15 sub-
units, while MxiD from Shigella flexneri has 12-fold symmetry
(Hodgkinson et al., 2009; Kosarewicz et al., 2012; Schraidt andd All rights reserved
Figure 1. Scheme of PulDN3Cand PscCC
Constructs, SDS-PAGE, and EM Analyses
(A) Domain organization of PulD/PulDN3C (top
panel) and PscC/PscCC secretins (bottom panel).
(B) Analysis of purified PulDN3C and PscCC. Left:
7.5% polyacrylamide gel of multimeric PscCC
(bottom panel) and PulDN3C (top panel). Center:
examples of negative stain micrographs of multi-
meric PscCC (bottom panel) and PulDN3C (top
panel) and followed by their respective cryo-EM
micrographs. Right: class averages of multimeric
PscCC (bottom panel) and PulDN3C (top panel).
The arrows highlight the saucer cavity and the plug
in the class average images of top and side views
for both PscCC and PulDN3C.
See also Figures S1 and S2.
Structure
Structure of Secretins from the T2SS and T3SSMarlovits, 2011). Scanning transmission electron microscopy
(STEM) analyses of YscC from Yersinia enterocolitica previously
suggested a 13-fold symmetry (Burghout et al., 2004). However,
Kowal et al. (2013) recently showed that YscC has 12-fold sym-
metry, like MxiD. Overall, the resolution of these structures
remains low, possibly due to sample heterogeneity, impeding a
more detailed comprehension of the mechanism of their struc-
ture, assembly, and action.
In order to characterize T2SS and T3SS secretin structures in
greater detail, we produced the multimeric, outer membrane-
embedded regions of PulD from K. oxytoca (T2SS) and PscC
from Pseudomonas aeruginosa (T3SS) in a cell-free system
and studied their structures by cryo-EM and single particle
analysis. The high quality and level of detail of the images
allowed not only the delineation of subtle features within the
central cup regions but also the identification of cavities within
the outermost secretin domains that are reminiscent of clefts
present in cholesterol-dependent cytolysins (CDCs), suggesting
potentially similar membrane-insertion mechanisms. TheseStructure 22, 1348–1355, September 2, 2014 ªresults reveal distinctive insights into
secretin structure and point to differ-
ences in their architectures that could
reflect their adaptation to different roles
and machineries.
RESULTS AND DISCUSSION
Isolation and Cryo-EM of PulDN3C
and PscCC Multimers
The C-terminal, membrane-inserted re-
gions of PulD and PscC (hereafter
referred to as PulDN3C and PscCC respec-
tively) (Figure 1A) were produced in a
cell-free system in the presence of lipo-
somes, extracted as intact multimers,
and purified to homogeneity in Zwitter-
gent 3-14. These fragments were chosen
because they lack the flexible N0, N1, and
N2 regions (N0 and N1 in PscC), which
were unresolved in previous EM analyses
of PulD (Chami et al., 2005; Nouwen et al.,
2000) as well as the C-terminal S-domain,which is not necessary for membrane insertion and is highly un-
structured (Nickerson et al., 2011; Tosi et al., 2011). SDS-PAGE
and EM analyses of negatively stained samples of both PulDN3C
and PscCC showed that they remained multimeric after purifica-
tion (Figure 1B). The two complexeswere subsequently frozen on
quantifoil grids covered by a thin layer of carbon in order to in-
crease the number of side views. The grids were imaged using
a Polara (FEI) electronmicroscope working at 300 kV and images
were recorded either on films (PscCC) or using a charge-coupled
device (CCD) camera (PulDN3C). For each sample, Eigen images,
as well as their corresponding classes, were calculated using
the IMAGIC software (Imagic, https://imagescience.de). Initial
models were derived from reference-free 2D class-average im-
ages by using the ab initio 3D reconstruction procedure
described by Navaza (2003). Because this procedure is limited
to low-resolution data and it presupposes the symmetry of the
particle to be known in advance, several C-n symmetries were
tested but no clear advantage in terms of correlation coefficients
was observed for any particular symmetry used during this2014 Elsevier Ltd All rights reserved 1349
Figure 2. 3D Cryo-EM Reconstructions of PulDN3C and PscCC
Top, side, and bottom views of the PulDN3C (A and B) and PscCC (C andD) reconstructions shown on the left, middle, and right panels, respectively. Themodels in
(A) and (C) are visualized at 1.3 sigma, whereas themodels in (B) and (D) are visualized at 2.2 sigma. The domains of the saucer (OR1, OR2), the plug, and the grids
are indicated. All models were generated using Chimera (Goddard et al., 2007). See also Figure S2.
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Figure 3. Cross-Section View of PulDN3C
and PscCC
Sagittal density slice was extracted from the two
3D reconstructions using SPIDER (Frank et al.,
1996). The contrast was enhanced in the center
half of the slices to aid visualization. Clipping
planes are equal to 1 pixel (i.e., 1.18 A˚ per pixel for
PscCC and 1.92 A˚ for PulDN3C). The cavities
(similar in size) in the saucer region of both PulDN3C
(A) and PscCC (B) (also highlighted in Figure 1B)
become evident in the sliced view. The cup barrel
is clearly made of two 10 A˚ thick concentric walls
(red * in A and B) while the arm linking the cup to
the saucer can be visualized by the 10 A˚ thick
density (yellow *). Transversal slices (along dotted
line in A) show that for both PulDN3C (C) and PscCC
(D) a periplasmic grid and a central plug are visible.
The right halves of (C) and (D) are isosurface
visualizations of the same slices, contoured at
2.2 sigma. The arrows in (D) highlight three
repeats of 10 A˚ diameter density per asymmetric
unit. The scale bar represents 10 A˚.
See also Figures S2 and S3.
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Structure of Secretins from the T2SS and T3SSprocedure. Analyses of top view class-averages also did not
allow an unambiguous determination of the particles’ symmetry;
consequently, subsequent image analyses were carried out in
parallel for C10–C18 symmetries (C12, C13, andC15were tested
more extensively) using the different ab initio initial models in
a projection matching procedure based on the FPM software
(Estrozi and Navaza, 2008). Finally, the C12 map provided the
sharpest resolution, suggesting that, as is the case for the closely
related YscC (Kowal et al., 2013), PscC most probably has 12-
fold symmetry (Figure S2). For PulDN3C we imposed the previ-
ously determined symmetry (C12).
The final reconstructions included 63,500 and 28,961 particles
for PulDN3C and PscCC, respectively. The resolutions of the
resulting maps were estimated to be between 5.0 and 8.2 A˚
for PulDN3C and 10 and 14.4 A˚ for PscCC by using the new
gold standard FSC criterion (Scheres and Chen, 2012) (Fig-
ure S3C). Details of protein production, multimer isolation, and
cryoelectron microscopy can be found in the Experimental
Procedures.
PulDN3C displays the typical ‘‘cup and saucer’’ architecture
observed previously (Chami et al., 2005; Nouwen et al., 2000),
with a total height of 110 A˚. The map clearly indicates a tight
‘‘waistline’’ that separates the two sections as well as two juxta-
posed rings of slightly different dimensions in the saucer region
and a major ‘‘belt’’ in the center of the cup (Figures 2A and
2B). Visualization of the cryo-EM map at a higher sigma cutoff
suggests that outer ring 1 (OR1) is only associated to OR2
through few contacts (Figure 2B, bottom left).
Analysis of the cross-section of the PulDN3C map at %10 A˚
resolution reveals notable features that were not visible in previ-
ously published structural analyses of PulD by electron micro-
scopy (Chami et al., 2005; Nouwen et al., 2000). These features
include a structure that we refer to here as the periplasmic grid,
located 100 A˚ from the edge of the saucer, which protrudes
30 A˚ from the main wall of the secretin and forms a connectingStructure 22, 1348–13ring around a spherical ‘‘plug’’ (Figures 2B, 3A, and 3C). This
feature is only visible in top views, because side views of the
secretin indicate that the plug appears to be continuous with
the wall of the channel. The existence of this grid could explain
the demonstrated ability of PulD to permit the efflux of small
solutes (Disconzi et al., 2014), which could pass through the
mesh of the grid, while the secretin channel is blocked by the
plug. Other secretins display similar pore characteristics, sug-
gesting that they too might have a grid (Disconzi et al., 2014).
The relationship between this mesh structure and the regions
termed GATES 1 and 2 in secretin pIV, wherein amino acid
changes increase pore permeability (Spagnuolo et al., 2010),
remains to be explored. A grid is not apparent in the 19 A˚ cryo
EM map of GspD from Vibrio cholerae (Reichow et al., 2010).
Strikingly, our map reveals that the walls of the cup region of
PulDN3C are composed of two layers (red asterisks in Figure 3),
which suggest the presence of juxtaposed, contiguous features
that could be at the basis of secretin resistance to dissociation
(Bayan et al., 2006; Guilvout et al., 2006).
Phylogenetic analyses of T2SS secretins indicate that PulD
and GspD from Vibrio cholerae belong to two distinct classes
(Dunstan et al., 2013). Despite this fact, and despite the
difference in resolution between the published structure of
V. cholerae GspD and the PulD structure presented here, it is
possible to perform a direct structural comparison between
the two. Within the C-terminal region, GspD presents an extra-
cellular cap with a 10 A˚ opening (Figure 4A) that is absent from
PulD and from most other secretins that have been studied by
EM (Chami et al., 2005; Hodgkinson et al., 2009; Opalka et al.,
2003; Schraidt and Marlovits, 2011). The GspD saucer is smaller
and nonmodular, with a similar diameter to that of OR2 of
PulDN3C, but, in GspD, this region is in a more ‘‘closed’’ confor-
mation, perhaps due to constraints induced by the extracellular
cap. Notably, the connection between the cup and the saucer is
much thicker in GspD than in PulDN3C.55, September 2, 2014 ª2014 Elsevier Ltd All rights reserved 1351
Figure 4. Comparison between PulDN3C/
GspD and PscCC/InvGC, PscCC/YscCC, and
PscCC/MxiD
(A) Sagittal slice of PulDN3C (orange) super-
imposedwith the cryo-EMmap of full-lengthGspD
from V. cholerae (purple). Maps are contoured at
1.3 (PulDN3C) and 3.4 sigma (GspD). The sections
of both proteins are indicated in meshed patterns.
Note that PulDN3C lacks the C-terminal extracel-
lular cap present in GspD.
(B) Comparison between maps of different TSS3
secretins (InvG, YscC, and MxiD; yellow) super-
imposed with PscCC (blue) and seen as thin
sagittal slices. For InvG and MxiD, sections
corresponding to the secretins were isolated
from the complete secreton maps. The structure
of PscCC is most similar to ‘‘closed’’ forms, i.e.,
structures in which the needles are not present.
A representation of InvG isolated from an entire
secreton map (EMD-2481, bottom middle) reveals
densities that could relate to a remaining, lateral
plug section (indicated with an asterisk and an
arrow). The accession numbers of all EM maps
are indicated.
See also Figures S4 and S5.
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The cryo-EM density of PscCC reveals a cylindrical particle,
again with a ‘‘cup and saucer’’ architecture, whose overall di-
mensions are similar to those of PulDN3C (Figures 2C and 2D).
However, the saucer region is wider, and the waistline is less
apparent than in PulDN3C. The smooth appearance of the PscCC
cup could indicate the presence of juxtaposed b strands, which
are predicted to form the core of the C-terminal domain of
secretin monomers (Burkhardt et al., 2011). In order to gain
insight into this observation, the presence of amphipathic b
strands in the primary sequences of PulDN3C and PscCC was
assessed using the MINNOU server (Cao et al., 2006). This
analysis (Figure S4) suggests that both secretins have several
short b strands characterized by high hydropathy. Projection
slices of the PscCC reconstruction also indicate elements of
symmetry, when 12-fold symmetry is applied, that were not
visible with other applied symmetries, such as C13 or C15 (Fig-
ure S2), the symmetries predicted for other secretins described
in the literature. Thus, C12 is the most likely symmetry, although
other symmetries cannot be totally excluded.
The saucer of PscCC has an approximate diameter of 170 A˚
and is bulkier than the saucer of PulDN3C (Figures 2C and 2D).
The secretion chamber is blocked by a plug that has a central
indentation (Figures 2C and 2D, right panels, 3B and 3D). The
plug seems to be continuous with the wall of the channel,
suggesting that it could form a tight seal, but analysis of a cross1352 Structure 22, 1348–1355, September 2, 2014 ª2014 Elsevier Ltd All rights reservedsection view (Figure 3D) indicates the
presence of a ‘‘grid’’ made of pores, as
also observed for PulDN3C. Interestingly,
the plug is linked to the interior wall of
PscCC through a clear hairpin structure
with an internal spacing of 7 A˚ (Fig-
ure 3B), which is even more prominent
than the feature observed in the PulDN3Cmap. The walls of the PscCC saucer display the two clearly
discernible layers observed for PulDN3C. It is of note that the
analysis of the cross-section of PscCC, seen from the top (Fig-
ure 3D, left side) distinctly shows individually discernible, juxta-
posed regions of density (highlighted by the white arrows).
Because 36 ‘‘density points’’ can be visualized surrounding
the entire PscCC ring, this suggests that each asymmetric unit
(or PscC monomer) could become inserted into the membrane
three times (assuming 12-fold symmetry).
The structure of T3SS secretins can be deduced from cryo-EM
data of the complete secretion machineries from Shigella and
Salmonella spp. (Hodgkinson et al., 2009; Schraidt and Marlo-
vits, 2011), as well as from the recently published cryo-EM
map of YscC from Yersinia spp. (Kowal et al., 2013) (Figure 4B).
A comparison of PscCC with InvG from Salmonella typhimurium
whose ‘‘open’’ and ‘‘closed’’ models were extracted from the
whole secreton maps (Marlovits et al., 2004; Radics et al.,
2014; Schraidt and Marlovits, 2011) shows that the overall
architecture is highly conserved, especially when the PscCC
map is overlaid onto that of InvG without the needle (‘‘closed’’;
Figure 4B, bottom left). This includes the localization of the
plug connections at the same height within the channel. How-
ever, the InvG density extracted from a complete secreton
map, i.e., which includes the needle (Radics et al., 2014; Schraidt
and Marlovits, 2011), presents a much wider overall inner cavity
than PscCC, including opening of the periplasmic constriction,
Structure
Structure of Secretins from the T2SS and T3SSwhich suggests that a local conformational change must occur
in order for the needle to be accommodated at the interior of
the structure (interestingly, this same observation can be made
for MxiD/PscCC) (Figure 4B, bottom right). It is of interest that
density ‘‘spikes’’ in the open form of InvG are present at the
interior of the saucer (Figure 4B, bottom center, in yellow), sug-
gesting that sections of a plug can still be visible even when
the needle is in place. The EMD-2481 map of InvG published
by Radics et al. (2014) reflects the only secretin structure besides
PulDwhose structure is available at nanometric resolution (10 A˚).
Interestingly, in this map (Figure 4B middle), there are some
indications that the periplasmic constriction wall could also be
formed by two layers of density. Notably, analysis of Figure 2B
also reveals that the periphery of the plug is reminiscent of a
photographic diaphragm or iris, leading to the hypothesis that
this feature could ‘‘open’’ in order to accommodate the needle.
A further distinction between PscCC and InvG is the potential
position of the N3 domain, which is apparently cradled within
the periplasmic constriction in InvG (Bergeron et al., 2013).
This structural feature is clearly identifiable in the cryo-EM map
of PscCC, despite the fact that the construct employed for this
work lacks the N3 domain. Because sequence alignments of
InvG, MxiD, PscC, and YscC indicate that this region is
conserved in all four T3SS secretins (Figure S1), this suggests
that in PscC, and possibly also in other T3SS secretins, the N3
domain is positioned further into the periplasm than originally
predicted, beyond the periplasmic constriction identified here,
although it could also be unstructured or dynamic and, hence,
unresolved in previous electron microscopy studies.
The cryo-EM model of YscC, the secretin from the T3SS of
Yersinia, was published (Kowal et al., 2013) during the sub-
mission of this manuscript. Surprisingly, despite the fact that
YscC and PscC are highly homologous (64% sequence identity)
and both structures have 12-fold symmetry, they display notable
differences. The overall structure of YscC displays a highly
segmented surface that is not immediately reminiscent of a
‘‘cup and saucer’’ architecture, as seen in PscC; its base region
displays a clear protrusion, while that of PscCC is much less
bulky. YscC presents two obstructions (that are similar to the
single plug identified in PscCC) that block both the periplasmic
constriction and the secretion chamber, but connections to the
chamber walls (such as hairpins, seen in PscCC) are not evident.
These observations indicate that despite the similarity in overall
function and sequence homology, T3SS secretins from different
species display clear distinctions that are potentially linked to
differences in the architectures of the individual secretion sys-
tems, or conformational changes induced by additional regions
present in YscC.
The higher resolution of the cryo-EMmap of PscCC, compared
to other T3SS secretins, permitted the identification of an
additional notable feature, also present in PulDN3C: a cavity at
the level of OR1 and OR2, with an approximate diameter of
70 A˚ (65 A˚ in PulDN3C; Figure 3). This cavity cannot be seen in
any previous structural analyses of secretins, probably due to
the lower resolution of the maps, but it is visible even at the level
of the cryo-EM class images of both PulDN3C and PscCC (Fig-
ure 1B, arrows). This cavity is reminiscent of that observed in
the CDC/MACPF domains of the pore-forming toxins pneumoly-
sin and perforin (although much smaller), which are secreted byStructure 22, 1348–13Streptococcus pneumoniae and by human cytolytic T-lympho-
cytes, respectively (Figure S5). These conserved domains
undergo a substantial conformational rearrangement upon con-
tact with the target membrane, triggering the formation of a pore
(Dunstone and Tweten, 2012; Law et al., 2010; Tilley and Saibil,
2006). Despite the differences in dimensions and in number of
subunits (12 for PulD and PscC, 44 for pneumolysin, 20 for
perforin), such similarity raises the intriguing possibility that
both secretins and CDCs adopt similar conformations that
trigger protein insertion into the membrane via comparable
mechanisms. Such a mechanism would be consistent with the
observation that PulD transits through different states that
include a folding intermediate (a ‘‘prepore’’ status) before
attaining the native conformation upon full insertion into the
membrane (Huysmans et al., 2013), as observed for CDCs and
other pore-forming toxins.
In conclusion, PulDN3C and PscCC display similar overall
shapes and share common features, such as the C-terminal
cavity, but also display architectural differences, such as the
positioning of OR1 and OR2, the shape of the plug and of the
hairpin that associates it to the secretin wall. Similarly, a com-
parison between homologous T3SS secretins, such as PscC
and YscC, showed unexpected distinctions between the two
proteins. These differences might indicate that the C-terminal
portions of secretins consist of structural elements that can
assume different conformations within the membrane. Secretins
might have finely tuned structures that adapt to different machin-
eries and efficiently accommodate a wide range of substrates.
Delineation of the precise mechanisms involved in secretin
assembly and interactions within their respective secretion
systems will require further studies associating biochemistry
and high-resolution structural characterization.
EXPERIMENTAL PROCEDURES
Preparation of PulDN3C and PscCC
PulDN3C (comprising amino acids 28–42 and 259–598, i.e., the first 15 residues
of N0, the N3 repeat, and the C-terminal portion without the S-domain) was
amplified by PCR and cloned in pIVEX 2.3MCS (5 Prime) through restriction
with NdeI and BamHI (New England BioLabs). The inclusion of residues 28–
42 in the construct was important for obtaining high levels of protein expres-
sion. PscCC (residues 233–506) was amplified by PCR and cloned into plasmid
pIVEX 2.4a (5 Prime) by restriction with NdeI and XhoI. Both constructs were
verified by DNA sequencing. The DNA encoding PulDN3C and PscCC was
expressed in vitro in the presence of liposomes (L-a-phosphatidylcholine
and polar fraction of Escherichia coli lipids, respectively). Details of proteolipo-
some preparation and protein purification are available in the Supplemental
Experimental Procedures.
Cryo-EM
Four microliters of each sample at 1 mg/ml were loaded onto a Quantifoil
R2/1 holey grid (Quantifoil Micro Tools GmbH) covered by a thin layer of
carbon and then vitrified using a Mark IV vitrobot (FEI). The frozen grids
were transferred onto a Polara electron microscope working at 300 KV. The
images were taken under low dose conditions (<20 e/A˚2) and with a nominal
magnification of 59,0003 either on films (PscC) or using a GATAN US4000
CCD camera (PulDN3C). The negatives were developed in full strength D19
developer for 12 min.
For PulDN3C, 1,060 CCD frames were automatically acquired using the EPU
software (FEI-Eindhoven), while for PscCC, 60 electron micrographs were
manually collected on film (Kodak SO163). Good quality negatives were digi-
tized using a Photoscan TD scanner with a pixel size of 7 mm (1.18 A˚ per pixel
at the specimen level). For PulDN3C, the pixel size was 1.92 A˚. After contrast55, September 2, 2014 ª2014 Elsevier Ltd All rights reserved 1353
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Structure of Secretins from the T2SS and T3SStransfer function (CTF) estimation and correction (by phase-flipping), 10,000
particles were selected semiautomatically from the most defocused electron
micrographs and subsequently classified using Imagic (ImageScience). Clear
images were consistently obtained for both PulDN3C and PscCC, including
mixtures of top and side views, attesting to the high quality of the protein
preparation and stability of the samples generated using the cell-free method-
ology. Ab initio 3D reconstructions of PulDN3C and PscCC were subsequently
performed using Rico (Estrozi and Navaza, 2010; Navaza, 2003) on class-
average images (Figure 1B). In the case of PscCC, other Cn symmetries
(from 10 to 18) were tested but C12 symmetry yielded the best result as it is
illustrated by the comparison of slices of the C12, C13, and C15 maps in Fig-
ure S2A. Twelve-fold symmetry was applied in both cases. Full particle selec-
tion was done by a fully automated procedure based on the fast projection
matching (FPM) algorithm (Estrozi and Navaza, 2008) using the 12-fold
symmetrized initial models. A total number of 81,789 and 91,422 particles
(for PulDN3C and PscCC, respectively) were selected. Final map calculations
for PulDN3C and PscCC included 63,500 and 28,961 particles, respectively.
The resulting 3D maps for both PulDN3C and PscCC display a resolution of
10 A˚, as indicated by the gold standard Fourier-shell correlation (FSC) plots
(Scheres and Chen, 2012) in Figure S3C.
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